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Adhesion toughness of multilayer graphene films
Joseph D. Wood 1,2, Christopher M. Harvey 1 & Simon Wang 1,3
Interface adhesion toughness between multilayer graphene films and substrates is a major
concern for their integration into functional devices. Results from the circular blister test,
however, display seemingly anomalous behaviour as adhesion toughness depends on number
of graphene layers. Here we show that interlayer shearing and sliding near the blister crack
tip, caused by the transition from membrane stretching to combined bending, stretching and
through-thickness shearing, decreases fracture mode mixity GII/GI, leading to lower adhesion
toughness. For silicon oxide substrate and pressure loading, mode mixity decreases from
232% for monolayer films to 130% for multilayer films, causing the adhesion toughness Gc to
decrease from 0.424 J m−2 to 0.365 J m−2. The mode I and II adhesion toughnesses are found
to be GIc= 0.230 J m−2 and GIIc= 0.666 J m−2, respectively. With point loading, mode mixity
decreases from 741% for monolayer films to 262% for multilayer films, while the adhesion
toughness Gc decreases from 0.543 J m−2 to 0.438 J m−2.
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Koenig et al.
1 suggested that one possible cause for the large
decrease in adhesion toughness for multilayer graphene
films in comparison to monolayer ones is the roughness of
the substrate surface. Multilayer graphene films may conform less
well to the substrate than monolayer ones. Koenig et al.1 made
roughness measurements on the top surfaces of graphene films
and found a large drop in roughness from monolayer to two
layer; however, they also found a large drop from two layer to
three layer. This suggests that the roughness of the substrate
surface is unable to explain the large decrease in adhesion
toughness. To investigate the effect of interface roughness further,
Gao and Huang2 argued that the rough surface of silicon oxide
causes graphene films to bend; hence, the total adhesion energy
consists of both van der Waals interaction energy and a negative
contribution of bending strain energy. By assuming the substrate
to have a sinusoidal rough surface, they attempted to calculate the
adhesion energy. They concluded that the large decrease in
adhesion toughness from monolayer to multilayer graphene films
is due to the increase in bending strain energy caused by the large
increase in the bending stiffness. Jiang and Zhu3 measured the
van der Waals interaction energy between monolayer graphene
films and silicon oxide substrate using atomic force microscopy.
Their measurements show, however, that the roughness increases
the interaction energy. In contrast, He et al.4 studied the large
decrease in adhesion toughness from another perspective. They
proposed that the total adhesion energy consists of both van der
Waals interaction energy and residual in-plane strain energy due
to lattice mismatch strain at the graphene film-silicon oxide
interface. Their results show that the van der Waals interaction
energy remains nearly the same for graphene films with any
number of layers, but that the residual in-plane strain energy and
Young’s modulus decrease sharply from monolayer to multilayer
graphene films. Koenig et al.1, however, reported convincing
experimental results that show a constant Young’s modulus. This
observation provided a solid foundation for their subsequent
adhesion toughness calculations using a continuum mechanics
approach.
Koenig et al.1 also suggested possible sliding between graphene
layers in multilayer graphene films. The present work follows
Koenig et al.’s1 continuum mechanics approach but with con-
sideration for the interlayer shearing and sliding effect. Further-
more, the present work considers the effect of shearing and
sliding on the fracture mode mixity. This is an important con-
sideration, since interface adhesion toughness is not a purely
intrinsic material property, but instead also depends on the mode
mixity.
Note that the fracture mode mixity and the interlayer shear and
sliding effect are not considered anywhere in the current analy-
tical mechanical models1–10 and we argue that this has caused
confusion when calculating adhesion toughness. Cao et al.11,12
did, however, recently report studies on adhesion toughness
between photoresist films and copper substrates using blister tests
and the finite element method. Two types of film are considered:
One is pure photoresist film and the other is combined photo-
resist film and a monolayer graphene. Mode mixity is considered
by using cohesive zone modelling.
The present work shows that adhesion toughness is mode
mixity dependent, and that interlayer shearing and sliding near
the blister crack tip, caused by the transition from membrane
stretching to combined bending, stretching and through-
thickness shearing, decreases the mode mixity GII/GI, conse-
quently reducing the adhesion toughness Gc. By considering the
interlayer shearing and sliding effect, the mode I and mode II
toughnesses are shown to be independent of the number of
graphene layers. Accounting for the interlayer shearing and
sliding effect on the fracture mode mixity explains the behaviour
reported in the literature1, where adhesion toughness measure-
ments seemingly depend on the film thickness (i.e., the number of
graphene layers). Once the mode I and mode II adhesion
toughnesses have been found, the linear failure criterion can
accurately determine the adhesion toughness under general
loading conditions for real-world applications of graphene film-
substrate systems.
Results
Circular blister test under a pressure load. Figure 1 shows two
types of circular blister test to determine the adhesion toughness
of mono- and multilayer graphene films. The blister has a crack
tip radius RB, the thickness of the monolayer graphene is t, n
represents the number of graphene layers and the Young’s
modulus of graphene is E. In Fig. 1a, the blister is under pressure
loading1. According to Jensen13,14, the deflection δ at the centre
of the blister in the membrane limit is
δ ¼ f νð Þ pR
4
B
nEt
 1=3
ð1Þ
in which p is the pressure load and f(ν) is given by Stora ̊kers15 as
f νð Þ ¼ 0:9635 3 1 νð Þ
7 ν
 1=3
ð2Þ
The coefficient of 0.9635 in Eq. (2) is introduced in the present
work to achieve the benchmark value of f(1/3) = 0.645 obtained
by Jensen13 since Stora ̊kers’ formula15 f(ν) = [3(1−ν)/(7−ν)]1/3 is
approximate. The bending moment per unit width MB, in-plane
force per unit width NB, and shear force per unit width PB, at the
blister crack tip13,14 can be expressed in the following forms,
a b
p
RB
B
nt
P
RB
B
nt

Fig. 1 Circular blister tests to determine the adhesion toughness of mono- and multilayer graphene films. a A blister under a pressure load p. b A blister
under a point load P
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respectively (Supplementary Fig. 2):
MB ¼ nt4
nEtpδ
3 1 ν2ð Þφ νð Þf νð Þ
 1=2
ð3Þ
NB ¼ nEtpδf νð Þ
 1=2
φ νð Þ ð4Þ
PB ¼ 12 pRB ð5Þ
in which the Poisson’s ratio ν-dependent parameter φ(ν) is
φ νð Þ ¼ 1:078þ 0:636νð Þ
2=3
2 6 1 ν2ð Þ½ 1=3
ð6Þ
At this stage, the effect of interlayer shearing and sliding on the
fracture mode mixity can be introduced. An introduction to
mixed-mode partition theory is given in Supplementary Note 1.
This theory is then developed and extended for the thin film
blister test in Supplementary Note 2. The mode I and II energy
release rates (ERRs) are obtained as16–20
GI ¼ 0:6227 ´ pδ8
0:7578 0:1429ν þ λð Þ2
φ νð Þf νð Þ ð7Þ
GII ¼ 0:3773 ´ pδ8
1:400þ 0:2358νð Þ2
φ νð Þf νð Þ ð8Þ
and the mode mixity ratio ρ =GII/GI as
ρ ¼ 0:6059 1:400þ 0:2358ν
0:7578 0:1429ν þ λ
 2
ð9Þ
The λ parameter in Eqs. (7) and (9) represents the interlayer
shearing and sliding effect at the blister crack tip, which is given
as
λ ¼ λSðnÞ ð10Þ
By using Eq. (1) and Supplementary Eq. (50) in conjunction with
mixed-mode partition theory16–20, the parameter λ in Eq. (10)
can have the following alternative expressions:
λ ¼ ζ νð Þ pRB
nEt
 1=3
¼ ζ νð Þ 1
f νð Þ
δ
RB
¼ ζ νð Þ pδ
f νð ÞnEt
 1=4
ð11Þ
where
ζ νð Þ ¼ 3:442 1 ν2 φ 	1=2 ð12Þ
In the case of monolayer graphene films, the shear force in Eq. (5)
makes no contribution to the ERR in the membrane limit because
there is no interlayer shearing and sliding. In the case of
multilayer graphene films, interlayer shearing and sliding occurs
near the blister crack tip, caused by the transition from
membrane stretching to combined bending, stretching and
through-thickness shearing. Consequently, interlayer shearing
and sliding activates the shear force in Eq. (5). Its action is
introduced through the λ parameter in conjunction with the
interlayer shearing and sliding factor S(n), which is assumed to
take the following form:
S nð Þ ¼ 1 e1n ð13Þ
A more thorough and detailed explanation for the origin of λ is
given in Supplementary Note 2.
The total ERR is simply the sum of the mode I ERR GI in
Eq. (7) and the mode II ERR GII in Eq. (8). The mode mixity-
dependent adhesion toughness Gc can now be determined
by using the mode I and mode II adhesion toughnesses and a
linear failure criterion in which Gc = (1 + ρ)/(1/GIc + ρ/GIIc).
Note that GIc and GIIc are intrinsic interface material properties
but Gc is not. One major aim of the present study is to determine
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Fig. 2 Delaminating graphene films under a pressure load. a–c Plots showing calculated values of the interlayer shearing and sliding parameter λ (a), the
ratio η= GS/GJ (b) and the fracture mode mixity ρ= GII/GI (c) based on the measured values of p and δ, and the material properties of monolayer
graphene. d Plot showing adhesion toughness Gc vs. the fracture mode mixity ρ. e, f Plots showing the measured and theoretical relationships between the
pressure load p (e) and the blister radius RB (f) vs. the deflection at the centre of the blister δ
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values for GIc and GIIc based on Koenig et al.’s1 experimental
results. Once these two properties are known, the adhesion
toughness under other loading conditions can be readily
calculated.
The total ERR, which includes the contributions from the
crack tip bending moment MB in Eq. (3), the in-plane force NB
in Eq. (4), and the crack tip shear force PB in Eq. (5), can also
be written in terms of the GJ component from Jensen’s work13,14,
which does not account for the interlayer shearing and sliding
effect, and the additional interlayer shearing and sliding
component from the present work Gs, as follows:
G ¼ GJ þ GS ¼ GJ 1þ ηð Þ ð14Þ
Jensen’s GJ component can be calculated as13,14
GJ ¼ ζ νð Þ p
4R4B
nEt
 1=3
¼ ζ νð Þ nEt
f 4 νð Þ
δ
RB
 4
¼ ζ νð Þ pδ
f νð Þ ð15Þ
in which the parameter ζ is
ζ νð Þ ¼ 1
8φ
þ 1 ν
2ð Þφ2
2
ð16Þ
The ratio η =GS/GJ is
η ¼ λ λþ 1:516 0:2858νð Þ
1:761þ 0:1835ν þ 0:05413ν2 ð17Þ
Koenig et al.1 found that Et = 347 Nm−1 with E ≈ 1 TPa.
Taking Poisson’s ratio ν = 0.16 (following ref. 1), then Eqs. (2),
(6), (12) and (16) give f(0.16) = 0.6907, φ(0.16) = 0.3099,
ζ 0:16ð Þ ¼ 1:891 and ζ(0.16) = 0.4502, respectively. Then, the
essential equations above, namely Eqs. (15), (17), (11) and (9),
become, respectively
GJ ¼ 0:4502 p
4R4B
nEt
 1=3
¼ 1:978nEt δ
RB
 4
¼ 0:6517pδ ð18Þ
η ¼ 0:5580λ 1:470þ λð Þ ð19Þ
λ ¼ 1:891 pRB
nEt
 1=3
¼ 2:738 δ
RB
¼ 2:075 pδ
nEt
 1=4
ð20Þ
ρ ¼ 1:252
0:7349þ λð Þ2 ð21Þ
Note that Koenig et al.1 used GJ = 0.655 pδ, which is very close
to Eq. (18) in the present work. Furthermore, by combining either
Eqs. (8) and (15), or Eqs. (19), (21) and GII(1 + 1/ρ) =GJ(1 + η),
then
GII ¼ 0:6986GJ ð22Þ
In the following, the pressure p, the central deflection δ and the
radius RB of the multilayer graphene film blisters are taken from
figures in Koenig et al.’s1 Supplementary Information. The results
are presented in Fig. 2. In Fig. 2a–c, the calculated values of λ, η
and ρ, respectively, for monolayer and multilayer graphene films
are plotted based on the measured values of p and δ from Koenig
et al.1. In Fig. 2d, the calculated adhesion toughness Gc is plotted
vs. the fracture mode mixity ρ. In Fig. 2e, f, comparisons are made
between the measured values of p, δ and RB, and the present
mechanical model for graphene films with different numbers of
layers. Note that the ‘Theory’ curve in Fig. 2e is obtained by
substituting Eqs. (7) and (8) into the linear failure criterion and
solving for p; then for Fig. 2f, use of Eq. (1) recasts the theory in
terms of RB and δ. There is generally very good agreement
between the present mechanical model and the experimental
measurements1.
The numerical data for Fig. 2 is also recorded in Supplemen-
tary Tables 1–5 for mono-, two-, three-, four- and five-layer
graphene film blisters, respectively. To keep consistency with
Koenig et al.1, results are calculated using the pressure p and the
central deflection δ meaning that GJ = 0.6517 pδ and λ ¼
2:075 pδ= nEtð Þ½ 1=4 from Eqs. (18) and (20) are the forms that
used. For the purpose of completeness and comparison, results
have also been calculated using the alternative expressions for λ in
Eq. (20), namely λ ¼ 1:891 pRB= nEtð Þ½ 1=3 and λ ¼ 2:738δ=RB.
The results are presented in Supplementary Tables 6–10 and
Supplementary Tables 11–15, respectively. There is generally
good agreement between the results when using the different
expressions for λ. The values of the λ parameter, based on
Koenig et al.'s1 measurements, are recorded in Supplementary
Tables 1–15. There is a large decrease from monolayer to
two-layer graphene films and then only a small decrease from
two-layer to three-layer graphene films. For the three-, four- and
five-layer graphene films, the values of the λ parameter are very
close to each other. This shows the typical interlayer shearing and
sliding behaviour.
The average adhesion toughnesses are Gc = 0.424, 0.362, 0.389,
0.348 and 0.359 J m−2 for the mono-, two-, three-, four- and five-
layer graphene film blisters, respectively, which correspond to the
following mode mixities ρ =GII/GI = 2.319, 1.400, 1.259, 1.263
and 1.272. There is a large decrease in mode mixity for two-layer
graphene film blisters in comparison to monolayer films,
which results in a large decrease in the adhesion toughness.
For higher numbers of graphene layers, the adhesion toughness
does not change significantly from the two-layer case as there are
no significant changes in mode mixity. An overall
average adhesion toughness for multilayer graphene films blisters
is Gc = 0.365 J m−2 with ρ =GII/GI = 1.299. These results are
shown in Table 1.
Now the mode I and mode II adhesion toughnesses, GIc and
GIIc, are considered. He et al.4 showed that the van der Waals
interaction energy remains nearly the same for graphene films
with any number of layers at 0.266 J m−2. This suggests that GIc
and GIIc are the same for interfaces between monolayer graphene
films and silicon oxide substrates, and between multilayer
graphene films and silicon oxide substrates. As adhesion
toughness is generally very small, a linear failure criterion can
provide an accurate representation of the fracture mechanics in
question18.
Table 1 Average adhesion toughness of multilayer graphene films
GJ (J m−2) Gc (J m−2) ρ= GII/GI
Present mechanical model Koenig et al.1 Present mechanical model Koenig et al.1 Present mechanical model Koenig et al.1
Monolayer 0.424 0.450 0.424 0.450 2.319 2.320
Multilayer 0.295 0.310 0.365 0.310 1.299 2.320
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Let subscripts ‘1’ and ‘2+’ represent values for monolayer
and multilayer graphene films, respectively. Substituting the
monolayer and multilayer results from Table 1 into the linear
failure criterion and solving simultaneously gives
GIc ¼
Gc1Gc2þ ρ1  ρ2þ
 
ρ1Gc1 1þ ρ2þ
  ρ2þGc2þ 1þ ρ1ð Þ ¼ 0:230 Jm
2 ð23Þ
and
GIIc ¼
Gc1Gc2þ ρ1  ρ2þ
 
Gc2þ 1þ ρ1ð Þ  Gc1 1þ ρ2þ
  ¼ 0:666 Jm2 ð24Þ
It is interesting to note that GIc = 0.230 J m−2 is very close to
He et al.’s4 theoretical calculation of the van der Waals interaction
energy at 0.266 J m−2. In fact, the van der Waals interaction
energy is essentially the same in concept as the mode I adhesion
toughness. The mode I adhesion toughness GIc can be determined
using atomic force microscopy measurements3 and JKR model as
GIc ¼ 2Fadh3πRtip ¼ 0:198 Jm
2 ð25Þ
where Fadh = 378 nN is the van der Waals interaction force and
Rtip = 405.4 nm is the radius of the microsphere tip used in the
atomic force microscopy measurements. It is seen that the
measured GIc = 0.198 J m−2 is very close to the present value of
GIc = 0.230 J m−2.
In the following section, the theory developed above for the
circular blister test under pressure loading and the determined
values of GIc = 0.230 J m−2 and GIIc = 0.666 J m−2 will be used to
predict adhesion toughness under point loading in order to
examine the validity of the approach.
Circular blister test under a point load. A blister under a point
load P (refs. 10,13) is shown in Fig. 1b. The mechanical model for
it is very similar to the model developed above for a pressure load.
Some essential formulae are recorded here. Fitting a curve to the
data in Jensen’s13 Fig. 15 gives φ(ν) as
φ νð Þ ¼ 0:382ν3 þ 0:013ν2 þ 0:248ν þ 0:422 ð26Þ
The function f(ν) now becomes
f νð Þ ¼ 1= 2φ νð Þð Þ þ 2φ2 νð Þ 1 ν2  ð27Þ
The pressure load p can now simply be replaced everywhere
with P= πR2B
 
. By making this substitution in Eqs. (3) to (5), the
mode I and II ERRs can be obtained as16–20
GI ¼ 0:6227 ´ Pδ8πR2B
1 1:557 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi1 ν2ð Þφ3p þ λ 2
φ νð Þf νð Þ
ð28Þ
GII ¼ 0:3773 ´ Pδ8πR2B
1þ 2:569 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi1 ν2ð Þφ3p 2
φ νð Þf νð Þ
ð29Þ
In addition, Eqs. (11) and (15) become, respectively
λ ¼ ζ νð Þ P
πRBnEt
 1=3
¼ ζ νð Þ 1
f νð Þ
δ
RB
¼ ζ νð Þ Pδ
πR2Bf νð ÞnEt
 1=4
ð30Þ
GJ ¼ ζ νð Þ P
4
π4R4BnEt
 1=3
¼ ζ νð Þ nEt
f 4 νð Þ
δ
RB
 4
¼ ζ νð Þ Pδ
πR2Bf νð Þ
ð31Þ
Taking Poisson’s ratio ν = 0.16, then Eqs. (26), (27), (12) and
(16) give φ(0.16) = 0.4636, f(0.16) = 1.497, ζ 0:16ð Þ ¼ 2:313 and ζ
(0.16) = 0.3743, respectively. Equations (28)–(31) then produce
the following:
GJ ¼ 0:3743 P
4
π4R4BnEt
 1=3
¼ 0:07446nEt δ
RB
 4
¼ 0:25 Pδ
πR2B
ð32Þ
η ¼ 0:4485λ 1:030þ λð Þ ð33Þ
λ ¼ 2:313 P
πRBnEt
 1=3
¼ 1:545 δ
RB
¼ 2:091 Pδ
πR2BnEt
 1=4
ð34Þ
ρ ¼ 1:9640
0:5149þ λð Þ2 ð35Þ
GII ¼ 0:8809GJ ð36Þ
From Eq. (35), it can be seen that ρ = 7.407 for monolayer
graphene under a point load, which is much larger than for the
pressure loading condition at ρ = 2.319. The adhesion toughness
for monolayer graphene under a point load can be estimated
using GIc = 0.230 J m−2, GIIc = 0.666 J m−2 and a linear failure
criterion to be Gc = 0.543 J m−2, which is clearly larger than for
the pressure loading case at Gc = 0.424 J m−2.
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Fig. 3 Delaminating graphene films under a point load. a Plot showing adhesion toughness Gc vs. the fracture mode mixity ρ. b, c Plots showing the
theoretical relationships between the point load P (b) and the blister radius RB (c) vs. the deflection at the centre of the blister δ. Note that the average
measured value of δ/RB= 0.2309 for five-layer graphene is also shown
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The adhesion toughness for multilayer graphene under
point loading can be estimated in a similar way as above for
pressure loading but now using experimental data from Zong
et al.5 in which they used nanoparticles to create a point load on
five-layer graphene membrane blisters. The blisters typically
possessed a radius RB in the range 250–300 nm and
central deflection δ in the range 50–70 nm. They used the
formula Gc = 0.0625nEt(δ/RB)4 with E = 0.5 TPa and nt = 1.7 nm.
Note that Zong et al.’s5 value for E is half of that used by
Koenig et al.1, and that n ≈ 5. Zong et al. reported the adhesion
toughness as Gc = 0.151 J m−2 meaning that δ/RB = 0.2309.
When using Koenig et al.’s1 value of E = 1.0 TPa, then Eq. (32)
gives GJ = 0.360 J m−2, and Eq. (14) gives the total measured
adhesion toughness as Gc = 0.438 J m−2. Now using ρ = 2.624
from Eq. (35), the linear failure criterion, and the mode I
and mode II adhesion toughnesses, GIc = 0.230 J m−2 and
GIIc = 0.666 J m−2, the predicted value of Gc is Gc = 0.437 J m−2,
which is extremely close to measured Gc = 0.438 J m−2.
It can be seen that the mode mixity plays a key role in
determining the adhesion toughness and that the accuracy of
GIc = 0.230 J m−2, GIIc = 0.666 J m−2 and the linear failure
criterion is very good.
Figure 3 shows the behaviour of delaminating graphene
films under a point load. Figure 3a–c follows the same style
as Fig. 2d–f; however, the measured data5 is now only for films
with five layers. In particular, it is seen in Fig. 3c that the
measured value of δ/RB = 0.2309 is very close to the theoretical
prediction of δ/RB = 0.2298.
Discussion
In recent work21,22 (following ref. 1), Boddeti et al. reported
further studies on the adhesion toughness between monolayer
graphene and silicon oxide substrates. The adhesion toughness
was found to be Gc = 0.24 J m−2, which is significantly
smaller than Gc = 0.45 J m−2, reported by Koenig et al.1.
Boddeti et al.21 suggest that the difference arises from the
differences in interface properties such as roughness and chemical
reactivity between the samples in ref. 1 and the samples in refs.
21,22. In line with this suggestion, the present work suggests that
the reduction is caused by reduction of the mode I and mode II
adhesion toughnesses at the interface, GIc and GIIc, which are now
estimated. Taking the Young’s modulus and Poisson’s ratio still as
E = 1 TPa and ν = 0.16, Eq. (22) gives the mode II ERR compo-
nents at failure as GII = 0.6986 × 0.24 = 0.168 J m−2. Then the
mode I ERR component at failure is easily obtained as GI = 0.072
J m−2. If the ratio between GIc and GIIc is taken to be the same
as that in ref. 1, i.e., GIIc/GIc = 2.896, then GIc and GIIc are
then calculated to be GIc = 0.130 J m−2 and GIIc = 0.377 J m−2.
Clearly they are significantly smaller than GIc = 0.230 J m−2 and
GIIc = 0.666 J m−2 for the samples in ref. 1. More information on
adhesion toughness of graphene can be found in the latest review
paper23.
The methodology developed above is also applied in the
authors’ recent work (manuscript in review) to determine the
mode I and mode II adhesion toughness of thin films by using
blister tests. The analytical predictions agree very well with the
experimental results reported by Cao et al.11.
It should be noted that a general methodology has been
presented, and the substrate should not be restricted to silicon
oxide substrates. Furthermore, the ‘adhesion energy’ commonly
used in the literature is generally different from the adhesion
toughness unless the mode I adhesion toughness is equal to mode
II adhesion toughness, which is not generally the case. It is the
adhesion toughness that matters for the design of graphene film-
substrate material systems.
Data availability. The authors declare that the data supporting
the findings of this study are available within the article and its
Supplementary Information file.
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Supplementary Figures 
 
Supplementary Figure 1 | Double cantilever beam. a, Geometry and loading 
conditions. b, Details local to the crack tip. 
 
Supplementary Figure 2 | Blister test interface crack. a, Thin layer on a thick 
substrate. b, Effective crack tip forces and bending moments. 
2 
Supplementary Tables 
Supplementary Table 1 | Adhesion toughness of monolayer graphene films 
with   based on p . 
 Koenig et al.’s measurements19  Present mechanical model 
  MPa p   μm    μm BR     based 
on p  JS
GG  III GG
 
 -2c mJ G  
MPa 3.180 p  1.709 0.363 2.492  0 0 2.319 0.404 
 1.514 0.396 2.710  0 0 2.319 0.391 
 1.267 0.463 2.934  0 0 2.319 0.382 
 1.096 0.496 3.171  0 0 2.319 0.354 
Group average     0 0 2.319 0.383 
MPa 3.550 p  1.648 0.405 2.756  0 0 2.319 0.435 
 1.429 0.456 2.947  0 0 2.319 0.425 
 1.242 0.493 3.168  0 0 2.319 0.399 
Group average     0 0 2.319 0.420 
MPa 3.950 p  1.632 0.437 2.964  0 0 2.319 0.465 
 1.547 0.466 3.021  0 0 2.319 0.470 
 1.320 0.509 3.252  0 0 2.319 0.438 
Group average     0 0 2.319 0.458 
MPa 10.40 p  1.494 0.475 3.208  0 0 2.319 0.462 
 1.429 0.502 3.376  0 0 2.319 0.468 
 1.255 0.514 3.513  0 0 2.319 0.420 
Group average     0 0 2.319 0.450 
Overall average     0 0 2.319 0.424 
Koenig et al.19       2.319 0.450 
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Supplementary Table 2 | Adhesion toughness of two-layer graphene films with 
  based on p . 
 Koenig et al.’s measurements19  Present mechanical model 
  MPa p   μm    μm BR     based 
on p  JS
GG  III GG
 
 -2c mJ G  
MPa 3.250 p  1.684 0.288 2.401  0.213 0.200 1.393 0.379 
 1.471 0.319 2.573  0.211 0.198 1.398 0.367 
 1.284 0.345 2.738  0.208 0.195 1.407 0.345 
Group average     0.211 0.198 1.400 0.364 
MPa 3.670 p  1.380 0.341 2.830  0.212 0.199 1.398 0.368 
 1.189 0.376 2.978  0.209 0.196 1.406 0.348 
 1.085 0.407 3.146  0.208 0.195 1.408 0.344 
Group average     0.210 0.197 1.404 0.353 
MPa 4.350 p  1.076 0.456 3.322  0.214 0.201 1.391 0.384 
 0.901 0.542 3.467  0.214 0.201 1.392 0.382 
 0.756 0.583 3.679  0.208 0.195 1.408 0.343 
Group average     0.212 0.199 1.397 0.370 
Overall average     0.211 0.198 1.400 0.362 
Koenig et al.19       2.319  
 
Supplementary Table 3 | Adhesion toughness of three-layer graphene films 
with   based on p . 
 Koenig et al.’s measurements19  Present mechanical model 
  MPa p   μm    μm BR     based 
on p  JS
GG  III GG
 
 -2c mJ G  
MPa 3.250 p  1.623 0.280 2.467  0.259 0.250 1.267 0.370 
 1.376 0.339 2.615  0.261 0.252 1.263 0.381 
Group average     0.260 0.251 1.265 0.375 
MPa 3.670 p  1.425 0.334 2.862  0.262 0.254 1.259 0.389 
MPa 4.350 p  1.210 0.411 3.286  0.265 0.257 1.252 0.407 
 1.020 0.478 3.405  0.264 0.255 1.255 0.399 
Group average     0.265 0.256 1.254 0.403 
Overall average     0.262 0.254 1.259 0.389 
Koenig et al.19       2.319  
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Supplementary Table 4 | Adhesion toughness of four-layer graphene films with 
  based on p . 
 Koenig et al.’s measurements19  Present mechanical model 
  MPa p   μm    μm BR     based 
on p  JS
GG  III GG
 
 -2c mJ G  
MPa 3.250 p  1.535 0.265 2.664  0.258 0.249 1.270 0.331 
 1.420 0.271 2.845  0.254 0.245 1.280 0.312 
Group average     0.256 0.247 1.275 0.322 
MPa 3.670 p  1.407 0.319 2.998  0.264 0.256 1.254 0.367 
MPa 4.350 p  1.118 0.414 3.513  0.266 0.258 1.249 0.380 
Overall average     0.261 0.252 1.263 0.348 
Koenig et al.19       2.319  
 
Supplementary Table 5 | Adhesion toughness of five-layer graphene films with 
  based on p . 
 Koenig et al.’s measurements19  Present mechanical model 
  MPa p   μm    μm BR     based 
on p  JS
GG  III GG
 
 -2c mJ G  
MPa 3.250 p  1.700 0.244 2.459  0.253 0.244 1.283 0.336 
 1.621 0.252 2.587  0.252 0.243 1.285 0.331 
 1.417 0.305 2.686  0.256 0.247 1.276 0.351 
Group average     0.254 0.244 1.281 0.339 
MPa 3.670 p  1.596 0.276 2.861  0.257 0.248 1.273 0.358 
 1.517 0.289 2.961  0.257 0.248 1.273 0.356 
 1.430 0.306 3.017  0.257 0.247 1.274 0.356 
Group average     0.257 0.248 1.273 0.357 
MPa 4.350 p  1.297 0.376 3.276  0.264 0.255 1.256 0.399 
 1.181 0.384 3.372  0.259 0.250 1.268 0.369 
 1.056 0.436 3.483  0.260 0.251 1.265 0.375 
Group average     0.261 0.252 1.263 0.381 
Overall average     0.257 0.248 1.272 0.359 
Koenig et al.19       2.319  
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Supplementary Table 6 | Alternative calculations for the adhesion toughness of 
monolayer graphene films with   based on BpR . 
 Koenig et al.’s measurements19  Present mechanical model 
  MPa p   μm    μm BR     based 
on BpR  
JS GG  III GG
 
 -2c mJ G  
MPa 3.180 p  1.709 0.363 2.492  0 0 2.319 0.404 
 1.514 0.396 2.710  0 0 2.319 0.391 
 1.267 0.463 2.934  0 0 2.319 0.382 
 1.096 0.496 3.171  0 0 2.319 0.354 
Group average     0 0 2.319 0.383 
MPa 3.550 p  1.648 0.405 2.756  0 0 2.319 0.435 
 1.429 0.456 2.947  0 0 2.319 0.425 
 1.242 0.493 3.168  0 0 2.319 0.399 
Group average     0 0 2.319 0.420 
MPa 3.950 p  1.632 0.437 2.964  0 0 2.319 0.465 
 1.547 0.466 3.021  0 0 2.319 0.470 
 1.320 0.509 3.252  0 0 2.319 0.438 
Group average     0 0 2.319 0.458 
MPa 10.40 p  1.494 0.475 3.208  0 0 2.319 0.462 
 1.429 0.502 3.376  0 0 2.319 0.468 
 1.255 0.514 3.513  0 0 2.319 0.420 
Group average     0 0 2.319 0.450 
Overall average     0 0 2.319 0.424 
Koenig et al.19       2.319 0.450 
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Supplementary Table 7 | Alternative calculations for the adhesion toughness of 
two-layer graphene films with   based on BpR . 
 Koenig et al.’s measurements19  Present mechanical model 
  MPa p   μm    μm BR     based 
on BpR  
JS GG  III GG
 
 -2c mJ G  
MPa 3.250 p  1.684 0.288 2.401  0.215 0.202 1.388 0.380 
 1.471 0.319 2.573  0.210 0.197 1.401 0.366 
 1.284 0.345 2.738  0.205 0.192 1.417 0.344 
Group average     0.210 0.197 1.402 0.363 
MPa 3.670 p  1.380 0.341 2.830  0.213 0.200 1.395 0.368 
 1.189 0.376 2.978  0.206 0.193 1.415 0.347 
 1.085 0.407 3.146  0.203 0.190 1.423 0.342 
Group average     0.207 0.194 1.411 0.353 
MPa 4.350 p  1.076 0.456 3.322  0.206 0.193 1.413 0.382 
 0.901 0.542 3.467  0.197 0.184 1.441 0.377 
 0.756 0.583 3.679  0.190 0.176 1.464 0.338 
Group average     0.198 0.184 1.439 0.365 
Overall average     0.205 0.192 1.417 0.360 
Koenig et al.19       2.319  
 
Supplementary Table 8 | Alternative calculations for the adhesion toughness of 
three-layer graphene films with   based on BpR . 
 Koenig et al.’s measurements19  Present mechanical model 
  MPa p   μm    μm BR     based 
on BpR  
JS GG  III GG
 
 -2c mJ G  
MPa 3.250 p  1.623 0.280 2.467  0.256 0.247 1.275 0.369 
 1.376 0.339 2.615  0.247 0.237 1.298 0.376 
Group average     0.252 0.242 1.287 0.373 
MPa 3.670 p  1.425 0.334 2.862  0.258 0.249 1.271 0.387 
MPa 4.350 p  1.210 0.411 3.286  0.256 0.246 1.276 0.404 
 1.020 0.478 3.405  0.244 0.234 1.306 0.392 
Group average     0.250 0.240 1.291 0.398 
Overall average     0.252 0.243 1.285 0.386 
Koenig et al.19       2.319  
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Supplementary Table 9 | Alternative calculations for the adhesion toughness of 
four-layer graphene films with   based on BpR . 
 Koenig et al.’s measurements19  Present mechanical model 
  MPa p   μm    μm BR     based 
on BpR  
JS GG  III GG
 
 -2c mJ G  
MPa 3.250 p  1.535 0.265 2.664  0.258 0.248 1.271 0.331 
 1.420 0.271 2.845  0.257 0.247 1.274 0.313 
Group average     0.257 0.248 1.273 0.322 
MPa 3.670 p  1.407 0.319 2.998  0.260 0.251 1.264 0.366 
MPa 4.350 p  1.118 0.414 3.513  0.254 0.245 1.280 0.375 
Overall average     0.257 0.248 1.272 0.346 
Koenig et al.19       2.319  
 
Supplementary Table 10 | Alternative calculations for the adhesion toughness 
of five-layer graphene films with   based on BpR . 
 Koenig et al.’s measurements19  Present mechanical model 
  MPa p   μm    μm BR     based 
on BpR  
JS GG  III GG
 
 -2c mJ G  
MPa 3.250 p  1.700 0.244 2.459  0.249 0.239 1.294 0.335 
 1.621 0.252 2.587  0.249 0.239 1.293 0.330 
 1.417 0.305 2.686  0.241 0.230 1.314 0.347 
Group average     0.246 0.236 1.300 0.337 
MPa 3.670 p  1.596 0.276 2.861  0.256 0.247 1.275 0.358 
 1.517 0.289 2.961  0.255 0.245 1.278 0.356 
 1.430 0.306 3.017  0.252 0.242 1.287 0.354 
Group average     0.254 0.245 1.280 0.356 
MPa 4.350 p  1.297 0.376 3.276  0.250 0.240 1.290 0.394 
 1.181 0.384 3.372  0.245 0.234 1.304 0.365 
 1.056 0.436 3.483  0.239 0.227 1.322 0.368 
Group average     0.245 0.234 1.305 0.376 
Overall average     0.248 0.238 1.295 0.356 
Koenig et al.19       2.319  
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Supplementary Table 11 | Alternative calculations for the adhesion toughness 
of monolayer graphene films with   based on BR . 
 Koenig et al.’s measurements19  Present mechanical model 
  MPa p   μm    μm BR     based 
on BR  
JS GG  III GG
 
 -2c mJ G  
MPa 3.180 p  1.709 0.363 2.492  0 0 2.319 0.404 
 1.514 0.396 2.710  0 0 2.319 0.391 
 1.267 0.463 2.934  0 0 2.319 0.382 
 1.096 0.496 3.171  0 0 2.319 0.354 
Group average     0 0 2.319 0.383 
MPa 3.550 p  1.648 0.405 2.756  0 0 2.319 0.435 
 1.429 0.456 2.947  0 0 2.319 0.425 
 1.242 0.493 3.168  0 0 2.319 0.399 
Group average     0 0 2.319 0.420 
MPa 3.950 p  1.632 0.437 2.964  0 0 2.319 0.465 
 1.547 0.466 3.021  0 0 2.319 0.470 
 1.320 0.509 3.252  0 0 2.319 0.438 
Group average     0 0 2.319 0.458 
MPa 10.40 p  1.494 0.475 3.208  0 0 2.319 0.462 
 1.429 0.502 3.376  0 0 2.319 0.468 
 1.255 0.514 3.513  0 0 2.319 0.420 
Group average     0 0 2.319 0.450 
Overall average     0 0 2.319 0.424 
Koenig et al.19       2.319 0.450 
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Supplementary Table 12 | Alternative calculations for the adhesion toughness 
of two-layer graphene films with   based on BR . 
 Koenig et al.’s measurements19  Present mechanical model 
  MPa p   μm    μm BR     based 
on BR  
JS GG  III GG
 
 -2c mJ G  
MPa 3.250 p  1.684 0.288 2.401  0.208 0.194 1.410 0.378 
 1.471 0.319 2.573  0.215 0.202 1.389 0.368 
 1.284 0.345 2.738  0.218 0.206 1.379 0.348 
Group average     0.213 0.201 1.393 0.364 
MPa 3.670 p  1.380 0.341 2.830  0.209 0.195 1.407 0.367 
 1.189 0.376 2.978  0.219 0.206 1.378 0.351 
 1.085 0.407 3.146  0.224 0.212 1.362 0.349 
Group average     0.217 0.204 1.382 0.356 
MPa 4.350 p  1.076 0.456 3.322  0.238 0.226 1.324 0.392 
 0.901 0.542 3.467  0.271 0.263 1.239 0.402 
 0.756 0.583 3.679  0.274 0.267 1.230 0.364 
Group average     0.261 0.252 1.264 0.386 
Overall average     0.230 0.219 1.346 0.369 
Koenig et al.19       2.319  
 
Supplementary Table 13 | Alternative calculations for the adhesion toughness 
of three-layer graphene films with   based on BR . 
 Koenig et al.’s measurements19  Present mechanical model 
  MPa p   μm    μm BR     based 
on BR  
JS GG  III GG
 
 -2c mJ G  
MPa 3.250 p  1.623 0.280 2.467  0.269 0.261 1.243 0.373 
 1.376 0.339 2.615  0.307 0.304 1.154 0.397 
Group average     0.288 0.283 1.199 0.385 
MPa 3.670 p  1.425 0.334 2.862  0.276 0.269 1.225 0.394 
MPa 4.350 p  1.210 0.411 3.286  0.296 0.292 1.178 0.419 
 1.020 0.478 3.405  0.332 0.334 1.099 0.424 
Group average     0.314 0.313 1.139 0.421 
Overall average     0.296 0.292 1.180 0.401 
Koenig et al.19       2.319  
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Supplementary Table 14 | Alternative calculations for the adhesion toughness 
of four-layer graphene films with   based on BR . 
 Koenig et al.’s measurements19  Present mechanical model 
  MPa p   μm    μm BR     based 
on BR  
JS GG  III GG
 
 -2c mJ G  
MPa 3.250 p  1.535 0.265 2.664  0.259 0.250 1.268 0.331 
 1.420 0.271 2.845  0.248 0.238 1.297 0.310 
Group average     0.253 0.244 1.282 0.321 
MPa 3.670 p  1.407 0.319 2.998  0.277 0.270 1.223 0.371 
MPa 4.350 p  1.118 0.414 3.513  0.307 0.304 1.154 0.393 
Overall average     0.273 0.265 1.236 0.352 
Koenig et al.19       2.319  
 
Supplementary Table 15 | Alternative calculations for the adhesion toughness 
of five-layer graphene films with   based on BR . 
 Koenig et al.’s measurements19  Present mechanical model 
  MPa p   μm    μm BR     based 
on BR  
JS GG  III GG
 
 -2c mJ G  
MPa 3.250 p  1.700 0.244 2.459  0.267 0.259 1.248 0.340 
 1.621 0.252 2.587  0.262 0.253 1.261 0.334 
 1.417 0.305 2.686  0.305 0.302 1.158 0.367 
Group average     0.278 0.271 1.222 0.347 
MPa 3.670 p  1.596 0.276 2.861  0.259 0.250 1.267 0.359 
 1.517 0.289 2.961  0.262 0.254 1.259 0.358 
 1.430 0.306 3.017  0.273 0.265 1.234 0.361 
Group average     0.265 0.256 1.253 0.359 
MPa 4.350 p  1.297 0.376 3.276  0.309 0.306 1.150 0.415 
 1.181 0.384 3.372  0.306 0.304 1.156 0.385 
 1.056 0.436 3.483  0.337 0.339 1.091 0.402 
Group average     0.317 0.316 1.132 0.401 
Overall average     0.287 0.281 1.203 0.369 
Koenig et al.19       2.319  
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Supplementary Notes 
Supplementary Note 1. Mixed-mode partition theory 
During the last decade or so, the authors and their colleagues have developed an 
orthogonal pure mode partition methodology for partitioning mixed-mode 1D interface 
fractures in layered composite materials into their pure mode components. One example of 
1D interface fracture is the circular blister fracture of thin films, which consists of only the 
mode I and II fracture modes. 1D interface fracture can be readily represented by a double 
cantilever beam (DCB) of unit width1,2, as shown in Supplementary Fig. 1. Its loading 
conditions consist of tip bending moments per unit width, 1M  and 2M , tip axial forces per 
unit width, 1N  and 2N , and tip through-thickness shear forces per unit width, 1P  and 2P . 
Supplementary Fig. 1b shows the internal loads at the crack tip and the sign convention of the 
interface normal stress n  and shear stress s . Extensive analytical and numerical studies 
have been carried out to prove the validity of the methodology3–12 and various independent 
experimental test results have been used to assess the methodology12–17. It is found to be 
sound and the development is clear and thorough. A detailed explanation of the 
methodology3–12—even just the aspects that are closely-related to the present work—is not 
possible here. Therefore, in order to focus on the present work, only the most essential parts 
are given for physical understanding in what follows. 
Based on the well-known virtual crack closure technique and linear elastic fracture 
mechanics, the mode I and mode II energy release rates (ERRs) can be written as 
   2lim
opop
0I
dF
G  (1) 
   2lim
shsh
0II
FdG  (2) 
in which opF  and opd  represent the crack tip opening force per unit width and opening 
displacement respectively; shF  and shd  represent the crack tip interface shearing force per 
unit width and displacement respectively; and   represents the crack extension length. 
Supplementary Eqs. (1) and (2) can be written in the following forms7–10 based on 2D 
elasticity: 
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By comparing Supplementary Eq. (3) with Supplementary Eq. (1), it is seen that the terms 
in the first and second brackets of Supplementary Eq. (3) correspond to opF  and opd  
respectively, which are linearly proportional to the crack tip loads. This is required by linear 
elastic fracture mechanics. The crack tip loads consist of the bending moments per unit width, 
1BM  and 2BM , the axial forces per unit width, 1BN  and 2BN , and the through-thickness shear 
forces per unit width, 1BP  and 2BP . The coefficients Ic  and IIc  are constants. The parameters 
2D-i  and 2D-i   (with 5,4,3,2,1i ) are independent of the crack tip loads and dependent on 
the DCB material properties, interface properties, fracture location, crack extension size, etc. 
They are called pure mode II modes for reasons best shown by example: When the crack tip 
loading conditions are 11B M , 2D12B  M , 01B N , 02B N , 01B P , 02B P , or in a 
vector form    T2D1T2B1B2B1B2B1B 00001  PPNNMM  with the 
superscript T  denoting transposition, the first bracket in Supplementary Eq. (3), 
corresponding to opF , equals zero and therefore mode I ERR 0I G ; hence, 2D-1  is called a 
pure mode II mode due to zero crack tip opening force. Similarly, 2D-i  (with 5,4,3,2i ) are 
also called pure mode II modes due to zero crack tip opening force. Using the equivalent 
explanation, 2D-i  (with 5,4,3,2,1i ) are called pure mode II modes due to zero crack tip 
opening displacement. It is worth noting that 2D-i  and 2D-i  (with 5,4,3,2,1i ) are different 
from each other in the case of bi-material interfaces because the material mismatch causes a 
phase difference between the variations of stress and displacement8,9,18, and they are also 
crack tip extension size-dependent8,9,18. 
Similarly, By comparing Supplementary Eq. (4) with Supplementary Eq. (2), it is seen that 
the terms in the first and second brackets of Supplementary Eq. (4) correspond to shd  and shF  
respectively. By using the same explanation as above, 2D-i  (with 5,4,3,2,1i ) are called pure 
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mode I modes due to zero crack tip shearing displacement, and 2D-i  (with 5,4,3,2,1i ) are 
called pure mode I modes due to zero crack tip shearing force. Again, 2D-i  and 2D-i  (with
5,4,3,2,1i ) are different from each other in the case of bi-material interfaces because the 
material mismatch causes a phase difference between variations of stress and 
displacement8,9,18 and they are also crack tip extension size dependent8,9,18. In the case of 
homogeneous interfaces, 2D-i  and 2D-i  (with 5,4,3,2,1i ) are equal to each other, and 2D-i  
and 2D-i  (with 5,4,3,2,1i ) are also equal to each other because then there is no phase 
difference between variations of stress and displacement8,9,18 and they are also independent of 
crack tip extension size8,9,18. Then, Supplementary Eqs. (3) and (4) become 
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Furthermore, in the case of isotropic materials, Supplementary Eqs. (5) and (6) reduce to7,10 
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where 2B1B1Be NNN  . The pure modes, 2D-i  and 2D-i  (with 4,3,2,1i ), in 
Supplementary Eqs. (7) and (8) were derived by the authors7,10 using a powerful orthogonal 
pure mode methodology and have been thoroughly verified against numerical simulations 
(interested readers are advised to read refs. 7 and 10). They are recorded below. 
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The thickness ratio of the beams 12 hh  is denoted by  ; also 56c  and ec   with 
     2133 11  e . For through-thickness shear forces at the crack tip, 1BP  and 2BP  (with 
02B1B2B1B  NNMM ), the pure modes 2D-P  and 2D-P  are 
      i 563483.0atanh986060.1exp,1, 2D-P2D-P   (17) 
where   1log10i  . The remaining parameters in Supplementary Eqs. (7), (8), (13) and 
(14) are 
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where 1b  is the unit width of the beam, and EE   for plane stress or  21  EE  for 
plane strain, with E  being the Young’s modulus of the beam and   being the Poisson’s ratio. 
The two thickness ratio  -dependent correction factors, namely the through-thickness shear 
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correction factor    and the pure-mode-II ERR correction factor  c , can be calculated 
using the following elegant expressions: 
    2i390931.1exp047743.0135535.0    (23) 
       F22D-P
2
2D-P
1
11 Cc 
 
  (24) 
  2iF 280135.3exp070920.01 C  (25) 
It is worth noting that in the absence of through-thickness shear forces, 1BP  and 2BP , 
Supplementary Eqs. (7) and (8) are extremely close to Suo & Hutchinson’s 2D partitions1,2; 
that is, the pure modes in Supplementary Eqs. (9)–(12) are nearly identical to Suo & 
Hutchinson’s pure modes1,2 and are just presented in different forms. 
Supplementary Note 2. Development of mixed-mode partition theory for thin film blister 
test 
In the following, Supplementary Eqs. (7) and (8) are extended to the case of thin films in 
the blister test to determine the adhesion toughness, for example, the adhesion toughness of 
multilayer graphene films19. The substrate is treated as infinitely thick and the films as very 
thin, as shown in Supplementary Fig. 2a; therefore, the thickness ratio tends to infinity 
 . The authors’ latest work on the mechanical behaviour of thin film spallation14–17 
shows that excellent agreement is achieved with experimental results20–24 when the material 
mismatch between a film and its substrate is neglected. Furthermore, in these studies14,15 
slightly worse agreement was found with experimental results20,21 when the mismatch8,9 was 
taken into account. Therefore, the present work also neglects the material mismatch, and 
Supplementary Eqs. (7) and (8) become 
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where BM , BN  and BP , which are shown in Supplementary Fig. 2b, are the effective crack 
tip bending moment, axial force and shear force respectively. The pure modes 2D2  and 
2D2  when  , based on Suo & Hutchinson1,2, are 
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where 1h  is the film thickness. Note that the authors’ pure modes 2D2  and 2D2  in 
Supplementary Eqs. (11) and (12) also give very close values to Supplementary Eq. (28); 
however, in the present work, Supplementary Eq. (28) is used. 
The coefficient parameters, Ic  in Supplementary Eq. (26) and IIc  in Supplementary Eq. 
(27), must be determined: In the absence of through-thickness shear force BP , the total ERR 
is given by 
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In the case of pure mode 2D2 , that is, with B2D2B MN    and 0B P , Supplementary Eqs. 
(26), (28) and (29) give 
 3
1
2I
66227.0
hbE
c   (30) 
Similarly, in the case of pure mode 2D2 , that is, with B2D2B MN    and 0B P , 
Supplementary Eqs. (27), (28) and (29) give 
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1
2II
63773.0
hbE
c   (31) 
The pure modes, 2D3  in Supplementary Eq. (26) and 2D3  in Supplementary Eq. (27), must 
also be determined: By rearranging Supplementary Eqs. (13) and (14), they become 
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Note that before Supplementary Eqs. (32) and (33) can be used in Supplementary Eqs. (26) 
and (27), which are for thin films, they must be reduced to the limit where  . To do this, 
each of the ratios 2D12D1   , 2D-12D-P  GG  and 2D-12D-P  GG  in Supplementary Eqs. (32) and 
(33) must also be reduced to this limit, and they are now each considered in turn. 
The ratio 2D12D1    in Supplementary Eqs. (32) and (33) when   is determined 
first. In the general case with crack tip moments 1BM  and 2BM  only, the total ERR is given 
by 
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In the case of pure mode 2D1 , that is, with 1B2D12B MM   and 11B M , Supplementary 
Eqs. (7), (30) and (34) give 
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Similarly, in the case of pure mode 2D1 , that is, with 1B2D12B MM    and 11B M , 
Supplementary Eqs. (8), (31) and (34) give 
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When  , Supplementary Eqs. (35) and (36) give 
 6059.0
2D-1
2D-1 

 (37) 
Note that the pure modes in Supplementary Eq. (28) (refs. 1,2) are used in deriving 
Supplementary Eq. (37). When pure modes in Supplementary Eqs. (11) and (12), derived by 
the authors7, are used, the ratio becomes 6198.0121752D-12D-1   which is very close 
to 6059.0  in Supplementary Eq. (37). In the present work, Supplementary Eq. (37) is used 
as it is believed to be more accurate. 
The quantities 
2D-PG , 2D-PG , 2D-1G  and 2D-1G  in Supplementary Eqs. (32) and (33) when 
  are determined next. When  , Supplementary Eq. (23) gives   135535.0 . 
Then, Supplementary Eqs. (17) and (21) give 
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In the case of pure mode 2D1 , that is, with 1B2D12B MM    and 11B M , Supplementary 
Eqs. (18), (30) and (37) give 
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Ehb
G  (39) 
In the case of pure mode 2D1 , that is, with 1B2D12B MM    and 11B M , Supplementary 
Eqs. (18), (31) and (37) give 
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When  , then   1F C  from Supplementary Eq. (25). Therefore, Supplementary Eq. 
(22) gives 
 0
2D-P
G  (41) 
Now, substituting Supplementary Eqs. (17) and (37)–(41) into Supplementary Eqs. (32) and 
(33) gives 2D-3  and 2D-3  as 
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h
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Note that as 2D-3 , the effective crack tip through-thickness shear force BP  only 
contributes to the mode I component of the ERR IG . 
All terms in Supplementary Eqs. (26) and (27) have now been derived. Again, it is 
important to note that the through-thickness shear force increases the mode I ERR component, 
and that this effect itself increases for thicker films, as shown by Supplementary Eqs. (26) and 
(42). Therefore, the thicker the film is, the lower the adhesion toughness. Supplementary Eqs. 
(26) and (27) have also been used17 to study the adhesion toughness of thin photoresist films 
under linear bending with small deflection. The films were experimentally tested by Cao et 
al.27 using the circular blister test. The experimental results indeed show the reduction of the 
adhesion toughness. 
Now, Supplementary Eqs. (26) and (27) are applied to study the adhesion toughness of 
multilayer graphene films, such as those in Koenig et al.’s19 work. It is noted that films can 
generally be under bending, stretching and shearing; however, when films are in the 
membrane limit (i.e. only under stretching), they are referred to as ‘membranes’. In Koenig et 
al.’s19 work, multilayer graphene films are in this membrane-stretching state, and the crack tip 
forces in Supplementary Eqs. (26) and (27) for a circular blister of radius BR  under a pressure 
load p  are then given by25,26 
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Note that a circular blister is now specifically studied; therefore 1b  as the forces in 
Supplementary Eqs. (43)–(45) are per unit width. The quantities n , E  and t  represent the 
number of graphene layers, the Young’s modulus, and the thickness of monolayer graphene, 
respectively. The centre deflection  , and the Poisson’s ratio  -dependent parameters,  f  
and   , are given in Eqs. (1), (2) and (6) in the main article. 
Note that various expressions for  f  and    are reported in literature28 due to different 
approximations being used in their derivations. Jensen’s25,26 total ERR results, however, are 
very close to Hencky’s29, as shown in the main article. Furthermore, Jensen’s25,26 total ERR 
results for monolayer membranes agree very well with Wang & Tong’s30 values from finite 
element simulations. Therefore, based on these considerations, Jensen’s25,26 expressions for 
 f  and   , along with Supplementary Eqs. (43)–(45) are used in the present work. 
Substituting Supplementary Eqs. (43)–(45) into Supplementary Eqs. (26) and (27) gives 
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where 
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        2/132
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with 
 
2D-3B
B
 M
P  (50) 
and 
   nenS  11  (51) 
The origin of the parameter   is obvious, but the origin of the factor  nS  needs to be 
explained. Monolayer films are considered first. First, some pertinent observations: As 
mentioned earlier, Jensen’s25,26 total ERR results for monolayer membranes agree very well 
with Wang & Tong’s30 values from finite element simulations. Jensen, however, only 
included the contributions from the bending moment BM  and the axial force BN , as given by 
Supplementary Eqs. (43) and (44) respectively. This indicates that the through-thickness shear 
force BP , given by Supplementary Eq. (45), does not contribute to ERR for monolayer 
membranes. Furthermore, in other work by the authors17, two scenarios are considered using 
the methodology developed in the present work: (1) linear bending of monolayer films at 
small deflection, including the through-thickness force BP , and (2) membrane stretching of 
monolayer films at large deflection without including the through-thickness force BP . The 
analytical predictions for the adhesion toughness between photoresist films and copper 
substrates are in excellent agreement with the experimental results27. The thicknesses of the 
photoresist films are 10 μm (for membrane stretching at large deflection), and 31 μm and 
60 μm (both for linear bending at small deflection). This indicates that the through-thickness 
shear force has no effect on ERR for membrane stretching of monolayer films at large 
deflection, while it does have effect on ERR for linear bending of monolayer films at small 
deflection. Now, the explanation for these observations is given: In the case of linear bending 
at small deflection, through-thickness shear strain is produced by the through-thickness shear 
force. They together result in through-thickness shear strain energy and contribute to the ERR 
at crack tip. In the case of membrane stretching at large deflection, there is no through-
thickness shear force in the membrane blister resulting in no through-thickness strain. 
Although transition from membrane stretching to combined bending, stretching and through-
thickness shearing occurs near the crack tip, the through-thickness shear strain energy at crack 
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tip is still negligible. Therefore, the through-thickness shear force has no effect on ERR in the 
membrane limit for monolayer films. 
Multilayer graphene membranes19 are considered next. As before, for linear bending at 
small deflection, through-thickness shear force exists and produces through-thickness strain, 
resulting in extra ERR. In the membrane limit, it is expected that multilayer graphene films in 
the membrane region of a blister behave as a single layer because there is only membrane 
stretching. The transition from membrane stretching to combined bending, stretching and 
through-thickness shearing occurs near the crack tip. If a multilayer graphene film still 
behaves as a single layer in the transition region, as is the case for monolayer graphene 
membranes, the through-thickness shearing strain energy near the crack tip is still negligible, 
resulting in no ERR contribution; however, the transition can cause interlayer shearing and 
sliding in the transition region, at the crack tip in particular, the through-thickness shearing 
strain energy near the crack tip is no longer negligible, which does result in an ERR 
contribution. In fact, Koenig et al.’s19 observations indeed demonstrate that for a typical 
interlayer shearing and sliding effect, the adhesion toughness has a large decrease between 
monolayer and two-layer graphene films, but then remains fairly constant afterwards. 
The present work takes the interlayer shearing and sliding near crack tip into consideration 
by introducing the interlayer shearing and sliding factor  nS . The arguments for the 
proposed expression for  nS  in Supplementary Eq. (51) are as follows: (1) Obviously, no 
interlayer shearing and sliding can exist in monolayer graphene membranes, so   01 S . 
(2) The factor  nS  must account for the fact mentioned above that adhesion toughness has a 
large decrease between monolayer and two-layer graphene films and remains fairly constant 
afterwards19. (3) From the view point of continuum mechanics, the converged value of  nS  
for multilayer graphene films is assumed to make a complete transition from membrane 
stretching to combined bending, stretching and shearing at the crack tip, so   1S . The 
validity of  nS  in Supplementary Eq. (51) is tested by experimental results in the main 
article. 
In addition to the above explanation of  nS , further interpretation of its mechanical 
meaning may be useful. The average through-thickness shear stress at crack tip is 
 ntPBS   and the effective average through-thickness shear strain at crack tip due to 
interlayer shearing and sliding is assumed to be S , which can be estimated from the equation 
below. 
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
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 (52) 
The left-hand side is the ERR from Supplementary Eq. (26) with through-thickness shear 
force acting alone with the introduction of  nS . The right-hand side is the effective through-
thickness shear strain energy in a volume of dimensions nt11 . The effective through-
thickness shear strain S  is then obtained as 
   B
2
2D3
IS 2 P
nSc 



  (53) 
and the effective through-thickness shear modulus SG  is then estimated as 
 
S
B
S nt
PG   (54) 
Substituting Supplementary Eqs. (30), (42) and (53) into Supplementary Eq. (54) gives 
    nS EG 22S 1 1355.0  (55) 
The value 0.1355 is    in Supplementary Eq. (23) when  . It is seen that the 
mechanical meaning of  nS  is to introduce an effective through-thickness shear modulus SG  
to account for the interlayer shearing and sliding. Note that SG  is just an effective value 
instead of the actual material property. This is similar to the case of classical plate theory in 
which the effective through-thickness shear modulus is infinitely large while the actual 
material property is finite. 
The values of the   parameter, based on Koenig et al.’s19 measurements, are recorded in 
Supplementary Tables 1–15. There is a large decrease from monolayer to two-layer graphene 
films and then only a small decrease from two-layer to three-layer graphene films. For the 
three-, four- and five-layer graphene films, the values of the   parameter are very close to 
each other. This shows the typical interlayer shearing and sliding behaviour. 
Note that the interface between graphene films and their substrates is assumed to be a rigid 
interface1–5,7–12, that is, it is assumed that no relative shearing and sliding displacement occurs 
before separation. This is consistent with Koenig et al.’s19 work. The present methodology 
could, however, be extended to consider the shearing and sliding analytically by combining it 
with the authors’ mixed-mode partition theory for non-rigid interface fractures6. Some 
complex mechanical behaviour such as wrinkling31 can be caused by this type sliding, which 
will be considered in future work. 
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Finally, the critical interlayer shear stress for sliding is beyond the scope of the present 
work; however, the present methodology can be used to determine the mode I and II 
toughness between graphene layers using the blister test. The mode II toughness is considered 
to be the sliding toughness. 
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